The net work and energy flux at the boundaries of an aquifer change its internal energy and overcome its resistance to flow. In saturated porous media, the change in internal (strain) energy is stored in the elastic soil matrix and in pore water compression. In unsaturated media, an additional term accounts for changes in gravitational potential energy. The energy approach complements conventional insight by allowing spatially distributed processes to be integrated into energy and work terms which characterize a system's response to a set of excitations. Specifically, a technique is developed in this paper to interpret the dynamic behavior of a one-dimensional leaky aquifer in terms of its composite energy functions. In particular, the work interaction at the leaky boundary is used as an index of the significance of the leakage: when the work parameter indicates a relatively small leakage, the flow components of the multiaquifer can be isolated and modeled separately with a controllable loss of accuracy.
INTRODUCTION
Transient flow conditions in a porous medium can be described in terms of composite energy functions. The underlying concept is that disturbances in equilibrium flow conditions--whether brought about by work at a system's boundaries, by heat exchange, or by direct matter/energy transfer--are associated with changes in a system's energy. Shifts in the relative magnitude of the various energy norms thus indicate the dominance of the different physical phenomena in the system as well as the importance of phenomena at its boundaries. Unlike the traditional approach of calculating the flow velocity and piezometric head at a point or a set of points, the energy method directly provides an integrated view of the transient response of the entire system.
In a previous paper, Karney and Seneviratne [1991] applied the energy concept to assess transient conditions in confined aquifers. In particular, the rate of change of internal energy of the porous medium was shown to be a natural index of the unsteadiness of the system, an insight which led to an adaptive algorithm for adjusting the time step in a transient flow model. In addition, the energy principle was used to compute the sensitivity of different aquifer regions to data acquisition errors.
In the current paper, energy expressions are presented for both confined and unconfined aquifers and their work interaction through a leaky boundary. As subsequent developments show, the rate work is done at a leaky boundary provides a robust indication of the significance of the leakage. In fact, when the work across the leaky boundary is relatively small, the leaky system can be replaced by a simpler confined flow model, subject to a controllable loss of accuracy. This is important, for the assumption that confining formations are impervious is seldom satisfied. Because of subsurface irregularities, confinements tend to vary from less to highly pervious, thus causing complex groundwater 1Now at Bechtel Corporation, San Francisco, California.
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Paper number 92WR02449. 0043-1397/93/92 WR-02449502.00 flow patterns. Hence the importance of leakage between adjacent aquifers/aquitards forms a continuum of flow interactions, ranging from strong to weak, for which the traditional designations of "confined" and "leaky" are special cases. It has been typical in groundwater modeling to treat leaky and confined cases as discrete options rather than as a continuum of approximations.
In modeling groundwater flow, "leakage" strictly refers to flow interactions which take place through top and/or bottom confining layers. Yet such systems often consist of three or more individual flow components. For example, a confined aquifer overlain by an unconfined aquifer could have an intervening silt layer which is semipervious causing a flow interaction. Only rarely can the dynamic response of one component in such a multiaquifer be isolated from another a priori. Usually, the system needs to be modeled simultaneously, which requires both extensive computational effort and considerable hydrogeologic data, particularly under transient conditions. However, if a procedure can be found which demonstrates that the flow interactions between the two aquifers is indeed negligible, then it may be possible to analyze each component separately, thus reducing data and computational time requirements.
The energy approach presented in this paper provides a basis for switching from a leaky model to a confined model by calculating the work term at the leaky boundary. The importance of the leakage is evaluated on the relative magnitude of the flow work occurring during the period of simulation. Specifically, the relative magnitude of the leakage is taken as the ratio of the magnitude of the work done at the leaky boundary at any given time to the magnitude of the maximum work done at that boundary during the period of simulation. When the work interaction at the leaky boundary is less than a user-specified threshold value, the model switches from the leaky to a confined model. In order to place these developments in perspective, a brief review of the flow equations and energy relations is first presented.
SIMPLIFIED MULTIAQUIFER FLOW EQUATIONS
The present study considers a relatively simple twoaquifer system--a confined aquifer overlain by an uncon- 
Kx Ox Summing equations (6) and (7) The confined aquifer was then modeled without leakage, subject to identical boundary conditions and the response is compared with the leaky case in Figure 2 . When compared with the fully confined case, the leaky-confined aquifer exhibits a slower drawdown rate due to the recharge from the upper layer. This is an observation specific to this system with given aquifer properties and boundary conditions. However, under different aquifer and flow properties the leaky confined aquifer may discharge into, instead of recharge from the unconfined aquifer. In which case, the leaky confined aquifer may drawdown faster than the corresponding fully confined case.
The bondary drawdown of 6 m creates transient conditions in both the confined and unconfined aquifers. As depicted in Figure 2 , the positive head differential toward the confined aquifer causes leakage from the unconfined to the confined aquifer. The work interactions at the control surface of the confined aquifer arise from three components: the work done on the system at the left boundary (x = 0), the work done on the system at the leaky boundary and work done by the system at the right (x = L) boundary which is considered positive. This is depicted for the confined portion of Figure 3 . The negative work at the aquitard indicates work being done on the confined aquifer, while the positive network interactions at the head boundaries feature work done by the system. The network interactions on the confined aquifer are partitioned between three physical phenomena; the elastic compressibility of the soil matrix, the compressibility of the pore water and the frictional dissipation. The work interaction at the aquitard depicts the magnitude of the leakage at that boundary, as depicted in the lower portion (confined) of tudes of both the work done at the aquitard and the strain energy due to compressibility effects are negligible when compared with the rate of frictional dissipation and the rate of potential energy change in the pore water due to dewatering. The work associated with leakage is two orders of magnitude less than the value of net work done by the head boundaries. However, in the confined case, the maximum difference between the two work terms (i.e., the work done at the leaky boundary and the work done at the head boundaries) is only an order of magnitude up to 100 days of simulation.
In the unconfined case, the net work done at the boundaries is partitioned between the frictional dissipation, change in potential energy due to dewatering of soil pores, and the elastic effects of the soil skeleton. Not surprisingly, the greater attenuating influence of fluid storage in the unconfined aquifer produce a more gradual transient than that in the confined case. In the confined aquifer, the compressibility effects are insignificant after 100 days. However, in the unconfined aquifer the transient effects are still present even at 300 days. Thus energy summaries are a convenient way of characterize the flow conditions in multiaquifers. In particular, they can be used to assess the importance of physical phenomena such as compressibility and the leakage at the pervious boundaries. In the next section, a similar analysis is done to characterize flow conditions in a multiaquifer when groundwater is pumped from the multiaquifer.
Energy Transformations Due to Groundwater Pumping
The objective of this study is to assess the energy transformations in the multiaquifer due to intermittent groundwater pumping from the confined aquifer at the rate of 10 m 3 m -2 day -• from a centrally located pump. The intermittent pumping schedule is as follows: groundwater is pumped from the confined aquifer in the multiaquifer shown in Figure   1 for 100 days. For the next 50 days, there is no pumping and the system is recharged by the constant head boundaries, increasing the piezometric head. Pumping begins once again at 150 days, and continues up to 200 days. It should be noted that the definition of the adaptive switch in terms of work automatically invokes both head and flow processes, since work is proportional to their product. Thus, the NT parameter is often more sensitive to how flow processes are physically coupled than, say, methods based on a simpler mass balance. For example, a recharge and a discharge well could both penetrate the same aquifer and could produce an overall mass balance for the aquifer, despite the fact that considerable interaction with other systems is taking place. The work parameter tends to be more robust as an indicator under these circumstances. The adaptive procedure could be particularly useful in the simulation of systems in which the transient effects diminish slowly, as would be the case in clay materials. As shown in Figure 6 , beyond 200 days of the boundary excitation, the system response is slow and rather uneventful. Hence, when the system passes through such a phase, the adaptive procedures can be effectively used, and result in some saving of computational effort (Figure 7 ).
CONCLUSIONS
The energy method proves to be an effective way of "collapsing" or integrating the dynamic behavior of aquifers into energy parameters which clearly describe the state of the system. By comparing relative magnitudes of the individual terms, it is possible to assess the dominating physical phenomena.
The importance of leakage at the semipervious layer is assessed by the magnitude of the corresponding work term. When the system undergoes rapid changes, the rate of work done at the leaky boundary is also acute; indicating a high leakage flux. However, when the leakage ceases, the work term also gradually diminishes. Hence, the work interaction at the seepage face becomes a natural index of the significance of the seepage. On the basis of this concept, the multiaquifer is modeled as a single confined aquifer, when the leakage is less than a user-specified threshold value. The energy approach improves the computational efficiency of the model subject to a user specified tolerance, and also, becomes particularly useful in the absence of reliable flow parameters of the intervening aquitards.
Although 
